This paper attempts to develop a linearized model of automatic generation control (AGC) for an interconnected two-area reheat type thermal power system in deregulated environment. A comparison between genetic algorithm optimized PID controller (GA-PID), particle swarm optimized PID controller (PSO-PID), and proposed two-stage based PSO optimized fuzzy logic controller (TSO-FLC) is presented. The proposed fuzzy based controller is optimized at two stages: one is rule base optimization and other is scaling factor and gain factor optimization. This shows the best dynamic response following a step load change with different cases of bilateral contracts in deregulated environment. In addition, performance of proposed TSO-FLC is also examined for ±30% changes in system parameters with different type of contractual demands between control areas and compared with GA-PID and PSO-PID. MATLAB/Simulink5 is used for all simulations.
Introduction
Electrical power system is day by day gaining complexity due to stress to deliver quality power to consumers. Electrical energy is produced and consumed simultaneously and balance between demand and supply must be maintained in this complex scenario. This scenario is termed as automatic generation control (AGC). In interconnected power system, controlling frequency as well as tie line power is a challenge. After restructuring of power system where distribution and generation companies have the freedom to purchase and sell power in competitive energy market, demand and generation balance is treated as one of the ancillary services. Independent system operator (ISO) controls various ancillary services to provide secure, reliable, and economical power transmission. Distribution companies (DISCOs) and generation companies (GENCOs) are coordinating with each other under certain fixed contracts in normal operation. In interconnected multiarea power system, DISCO participation matrix (DPM) helps to visualize the various contracts made between GENCOs and DISCOs.
In interconnected power system, tie line flows and frequency being controlled and maintaining them at the scheduled values are the two main prime objectives of AGC. The change in frequency and tie line power flow together is termed as area control error (ACE) which is used as control input for AGC operation.
Researchers have exhaustively studied various aspects of AGC in deregulated scenario with different test conditions and control strategies [1] [2] [3] [4] . Power system is categorized and modeled in terms of control areas for comprehensive analysis of AGC parameters. Literature available discusses single and multiarea model with and without deregulation aspects but, keeping in view of recent competitive energy market, it is also needed to be modeled with existing complexities, that is, nonlinearity present in the system to have better understanding and to have critical review of the system as a whole [5] . It is shown that governor dead band nonlinearity tends to produce a continuous oscillation in the frequency and tie line power transient response [6] . In deregulated era, power system had to undergo numerous technical challenges. In [7] Christie and Bose described several possible structures 2 Advances in Fuzzy Systems for AGC in deregulated scenario and also addressed technical issues in power system operation after deregulation. Two different approaches to AGC based on HVDC-link and ramp following controller are introduced by Bakken and Grande in [8] for Norway and Sweden interconnected power system in deregulated environment. A detailed simulation and optimization have been carried out by Donde et al. [9] for AGC system after deregulation. In their work, the concept of DISCO participation matrix has also been shown for different types of contracts and an optimized integral controller is proposed based on trajectory sensitivity.
The other approaches to handle AGC are in terms of various control strategies. There are classical and intelligent ways to address AGC but as complications are increasing with integration of renewable sources of energy, control solution will also be highly dynamic in nature. The classical control techniques alone are difficult to implement in a deregulated power system environment because of their fixed structure and it is difficult to determine satisfactory performance with varying operating point. With the advent of intelligence in control system, researchers are focusing on techniques which mix both the classical and intelligent approach. Roy et al. [10] studied the four-area multiunits AGC in restructured power system. A chaotic ant swarm optimization and real coded GA are used to obtain optimal gain parameters for optimal transient performances. Bhatt et al. [11] proposed model for AGC in restructured power system. The concept of DISCO participation matrix is used to simulate the bilateral contracts in the three and four areas. Hybrid particle swarm optimization is used to obtain optimal gain parameters for optimal transient performance. There are several control techniques based on optimal, intelligent, and robust approaches proposed for the AGC system in deregulated power systems in recent times.
Various optimization methods have been explored by researchers for PID controller in [12] [13] [14] [15] but these conventional techniques have many limitations; therefore, intelligent techniques like fuzzy logic, neural networks, and so forth have gained popularity. Even fuzzy logic controller design suffers from proper selection of input and output variable's membership functions and rule base which give impetus to optimize fuzzy controller parameters. In general, these FLC parameters are determined by either experience or trial and error and this does not assure an optimal FLC design. Although many attempts have been made with several optimization methods in recent literature to optimize a fuzzy logic controller [14, 16, 17] , this paper presents a comparison between different control algorithms which are developed and implemented in the same model. The first control technique used is PID controller where gain parameters are optimized by genetic algorithm (GA-PID), second one also used PID controller where gain parameters are optimized by particle swarm optimization (PSO-PID), and the last approach is optimizing fuzzy controller in two different stages. Firstly, the rule base is optimized and later scaling and gain factors are optimized by particle swarm optimization (TSO-FLC).
The simulation results show that the TSO-FLC greatly reduces undershoot and settling time. Simulation results also show better performance of fuzzy controller even with ±30% variation in system parameters.
System Examined
The two-area system model is considered in continuous operation mode and nominal system parameters used for study are given in Appendix. The schematic block diagram is shown in Figure 1 . Each area is containing two GENCOs and two DISCOs. The contracts between GENCOs and DISCOs are shown in distribution participation matrix (DPM) [18, 19] . DPM is also referred to as contract participation factor matrix (cpf matrix). It makes the visualization of contracts. The number of rows indicates the number of GENCOs and the number of columns indicates the number of DISCOs. Here, the th entry corresponds to the fraction of the total load power contracted by DISCO from GENCO [18] .
The cpf matrix is where, ∑ cpf = 1.
(
The system output, which depends on the area control error (ACE), is
where is frequency bias constant, Δ frequency deviation, and Δ tie change in tie line power. The coefficients that distribute area control error (ACE) to several GENCOs are termed as ACE participation factors (apf) and for an integrated power system it is shown in apf matrix, as shown in
where additions of all apfs are equal to 1, within control area
The contracted scheduled loads in 
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The total distributed power by th DISCO,
where Δ Ld( ) Cont is contracted can be shown through cpf matrix but uncontracted power for th DISCO is out of scope of cpf matrix. The total distributed power shown in matrix Δ LD is
Similar to this, total generated powers through GENCOs in Area 1 are Δ 1 and Δ 2 and in Area 2 are Δ 3 and Δ 4 and these are shown in the Δ matrix. The contracted generated powers in Area 1 are Δ 1 Cont & Δ 2 Cont and in Area 2 are
The uncontracted powers demanded under contract violation required in Area 1 and Area 2 are referred to as Δ 1,LOC and Δ 2,LOC is required power by local GENCOs only in that area. That required power from GENCOs shown in Δ Uncont matrix
where Δ 1 Uncont and Δ 2 Uncont are uncontracted required power from GENCO 1 and GENCO 2 in Area 1 and Δ 3 Uncont and Δ 4 Uncont are uncontracted required power from GENCO 3 and GENCO 4 in Area 2
where referred to GENCOs within th control area.
And Δ ( ) Uncont is calculated from equation
Or, in matrix form,
So, total required generation power in matrix form is represented as
The total generation required of individual GENCOs can be calculated also from equation
So, total demanded power from GENCOs is shown in Δ matrix
The scheduled tie line power flow between Areas 1 and 2 shown in block diagram in Figure 2 can be represented by
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Control Strategies
In this paper, two different control strategies are explored. The first control strategy is conventional proportional-integralderivative (PID) control and another is artificial intelligence based fuzzy logic control (FLC). PID controller is optimized by two different stochastic optimization techniques GA and PSO and later PSO based optimized FLC is proposed, where FLC parameters are optimized in two different stages.
PID Controller.
PID controller is selected as controller for AGC and GA and PSO are used for optimizing of gain parameters, that is, , , and . ACE is selected as controller input and PID is output of controller as given in
3.1.1. Genetic Algorithm. The genetic algorithm (GA) is inspired by the principles of genetics and evolution. It mimics the reproduction behavior observed in biological populations. The GA employs the principle of "survival of the fittest" in its search process to select and generate individuals that are adapted to their environment. Therefore, over a number of generations, desirable traits will evolve and remain in the genome composition of the population over traits with weaker undesirable characteristics. The GA is well suited to and has been extensively applied to solve complex design optimization problems because it can handle both discrete and continuous variables and nonlinear objective and constrained functions without requiring gradient information [13, [15] [16] [17] . The AGC modeled has an objective function for PID optimization as given in (18) which is aimed for minimization of peak undershoots and settling time of frequency and tie line deviation
Here, , , and are selected as 10, 500, and 50, respectively.
Particle Swarm Optimization.
Particle swarm optimization (PSO) is a heuristic search method which is by the swarming or collaborative behavior of biological populations. In PSO, a set of randomly generated solutions (initial swarm) propagates in the design space towards the optimal solution over a number of iterations (moves) based on large amount of information about the design space, that is, assimilated and shared by all members of the swarm. PSO is inspired by the ability of flocks of birds, schools of fish, and herds of animals to adapt to their environment, find rich sources of food, and avoid predators by implementing an "information sharing" approach, hence, developing an evolutionary advantage. Its ability to converge faster to global solution makes it favorable technique compared to other stochastic optimization methods like GA and simulated annealing (SA) [17] [18] [19] . The PID controller gains for both control areas optimized by GA and PSO are shown in Table 1 . An algorithm is developed for the system under study for optimization with PSO and following steps are followed.
Algorithm steps for PSO implementation are given below: (4) Repeat step (3) up to either maximum iterations or convergence criteria satisfied.
PSO Optimized Fuzzy Logic Controller.
Power system operation and control have undergoing immense changes from earlier times as complexity has increased multifold due to stress to deliver quality and uninterrupted power to consumers. These reasons have boosted power system engineers to use intelligent control strategies in operation and control where fuzzy logic has gained popularity amongst others because of its computing approach based on "degrees of truth" rather than the usual "true or false." Therefore, it is widely used in engineering problems. Fuzzy set theory and fuzzy logic establish the rules of a nonlinear mapping. The fuzzy logic controller modeling consists of three steps of fuzzification, determination of fuzzy control rules, and defuzzification [20] . Fuzzy logic is a systematic and easier way to implement control algorithm for uncertain and indefinite models in engineering and suits most AGC problem [21, 22] . The comparison between the proposed TSO-FLC and GA-PID and PSO-PID controllers is quantified based on two dynamic performance indices, that is, peak undershoot and settling time. The multi-input and single-output (MISO) type fuzzy controller is shown in Figure 3 . and are the proportional and integral gains, respectively. Two inputs, ACE and derivative of ACE , that is, ( ACE / ), are fed to the fuzzy controller. The fuzzy logic process is initiated by fuzzification of ACE and ACE / . Mamdani fuzzy inference mechanism and centroid method for defuzzification are later used for respective processes.
is a crisp value and is a control signal for the system
Membership functions (MF) specify the degree to which a given input belongs to a set. The membership functions of each input and each output are spread across a linear distribution range from −1 to +1. In two stages FLC is optimized by PSO with objective function given in (18). Rule Base Optimization. In this step, apart from center rule, all other rules need to be optimized. Only one rule is configured that when both inputs are zero then output is also zero. In system under study, out of 49 rules, 48 rules are required to be optimized. The curve between best fitness values with respect to iteration for rule base optimization is shown in Figure 5 .
Scaling Factor and Gain Optimization. In this second step, optimum values of two scaling factors ( and ) and two gain parameters ( and ) are needed to be optimized of FLC. Graphically the best fitness values with respect to iteration are represented in Figure 6 . Table 4 shows the optimized scaling and gain parameters for TSO-FLC.
Test Cases and Simulations
There are three different test cases of deregulated power system considered for justification of optimum performance of proposed TSO-FLC controller as compared to conventional GA-PID and PSO-PID controllers. These test cases are Poolco based transactions, combination of Poolco and bilateral based 8 Advances in Fuzzy Systems 
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Governor's time constant transactions, and contract violation. The cpf matrix and load power from each DISCO are varied in each test case as depicted in Table 5 . Apart from this all GENCOs are allowed to participate equally in each area for AGC; therefore, ACE participation factor (apf ) 0.5 is considered for simulation purpose.
The total generated power Δ ( ) required by individual GENCO is composed of all contracted and uncontracted loads. Each GENCO shares the uncontracted load of its own control area according to its ACE participation factor. The values of system parameters given in Appendix (Table 6) are used for a comparative study. Frequency deviations of both areas and tie line deviation after load change as per load distribution (Table 5) in each area for test cases A, B, and C are shown in Figures 7, 8, and 9 , respectively. Two performance indices (settling time and peak undershoot) were selected for justification of dynamic performance response of controllers. Effect of +30% and −30% change in parameter values , 12 , and (parameters value in Table 7 in Appendix) is also examined. Peak undershoot and settling time of both areas and tie line deviation are also determined with +30% and −30% change in system parameters in each area for test cases In order to examine the performance of controllers, peak undershoot and settling time of both areas and tie line deviation are determined for test cases A, B, and C with standard values of system parameters. Apart from this the effect of +30% and −30% change in parameter values , 12 , and (parameters value in Table 7 ) is also examined, so further performance indices for +30% and −30% change in system parameters for different test cases determined are shown in Figures 10, 11, 12, 13, 14 , and 15. Based on this comparison, it can be concluded that proposed TSO-FLC gives better results in terms of lesser settling time and peak undershoot compared to GA-PID and PSO-PID controllers.
Conclusion
In this paper, an optimization strategy for FLC is proposed for AGC. This optimization strategy is based on rule base optimization and scaling factor and gain factor optimization of FLC. PSO is used as optimization technique. The performance of proposed controller is compared with conventional PID controller also optimized by two optimization methods GA and PSO under different test cases based on contractual GA-PID and PSO-PID controllers. Robustness of the TSO-FLC is also justified for +30% and −30% change in system parameters for different sets of contractual demands and again it is observed that TSO-FLC is a suitable controller for AGC in an interconnected power system. Figure 15 : Settling time comparison at ±30% variation in system parameters for Case C.
